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Abstract 
The document presents the results of the tests conducted at the JRC 
Petten site, under the frame of the Inter Laboratory Study (ILS) on 
Thermomechanical Fatigue (ASTM E-2368). The primary purpose of this 
study is to provide a precision and bias statement to be included in the 
revision of ASTM E-2368, Standard Practice for Strain Controlled Thermo-
Mechanical Fatigue Testing [1]. 
1. Introduction
Components which are subjected to thermomechanical loading show a 
degradation, which is usually greater than the sum of the resulting 
degradation when both types of loading are applied independently. In 
order to idealise the conditions, when simultaneous thermal and 
mechanical loading is experimentally investigated, the specimen under 
test is subjected to several cycles of simultaneously applied temperature 
and mechanical strain fields, both controlled and varied uniformly in a 
uniform section of the specimen. Such a test is designated as strain-
controlled “thermo-mechanical fatigue”, commonly abbreviated as TMF. 
2. Description of Equipment
The tests were performed using an Instron test machine with tension-
compression loading capability. A detailed description of the equipment 
used for the ILS is given in Table 1. The information is based on ASTM E-
2368-4, chapter 8 [1]. 
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Description of ASTM requirement regarding 
equipment 
Description of equipment used 
8.5.1 Loading train details including force cell 
type and capacity, specimen fixtures and 
method of gripping. 
Loading train of Universal Testing Machine 
Instron 8862 consists of the following parts 
(top to bottom): 
Crosshead 
Load Cell (Instron, 2518-100, 100 kN) 
Alignment Tool, Instron 100kN 
Extension shaft 
Specimen Mounting Plate with thread M16 
Specimen Water Cooling Plate 
Specimen  
Specimen Water Cooling Plate 
Specimen Mounting Plate 
Extension shaft 
Piston 
8.5.2 Testing machine, including frame 
capacity, actuator type and capacity, and 
controller type. 
Testing Machine: Instron 8862, 100 kN 
 
Instron Controller: FastTrack 8800 
8.5.3 Test control and data collection system 
including all digital and analog controllers, 
recorders and data recording equipment. 
Control Software: 
Instron Console Version 8.4 Build 244 
 
TMF software: 
Instron TMF Version 1.4.25  Release Nov 
2011 
 
Temperature controller: 
Eurotherm 3504 
8.5.4 Heating and cooling systems details. Heating: 
Fives Celes, Inductive heating device                                                                                                              
Type Celes MP 6/400 
Power 6 kW 
 
Heat exchanger Celes, GR 40-4 S 
Cooling power: 40 kW 
 
Water cooling plates  
Celes Type 40/4 S 
8.5.5 Thermocouple type and specific 
configuration. 
Thermocouple type: N  
Control thermocouple spot welded on the 
specimen. For more details see chapter "Test 
Methodology". 
 
Controller: Eurotherm 3504 
8.5.6 Extensometer details including type, 
gage length, operating range and resolution. 
Extensometer: 
Sander 1014 EX A10, travel: 0.5 mm 
Gauge length: 10 mm 
Extensometer leg extended by 15 cm ceramic 
rod. 
Table 1: Description of Equipment: 
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3. Test Methodology 
 
For the ILS on Strain Controlled Thermo-Mechanical Fatigue Testing, 
ASTM provided 4 identical pre-labelled TMF test coupons to each 
participant. JRC received coupons 65 to 68. Other than the coupons 
having been made of Inconel 718, no further details were revealed to the 
participants.  
The coupon gauge length dimensions were measured at three different 
positions and the resulting average gauge diameter showed small 
deviations compared to measurements from the ASTM Cincinatti testing 
lab. An overview of the measurements is given in Table 2. A more detailed 
measurement report is presented in Annex 1.  Together with all other 
primary data from the TMF tests, these measurements are also openly 
available from the European Commission materials database, MatDB [2].  
 
Table 2: Measurement results 
 
Prior to testing, force and extensometer calibration and temperature 
gradient over the gauge were verified according to ASTM E2368 [1]. For 
details see Annexes 2-5. The calibrators used were calibrated and 
traceable back to international standards. Certificates of the calibrators 
are presented in Annexes 6-8. 
The organizers of the ILS did not provide an additional TMF test coupon to 
be used as a dummy for the setup of the test machine. It was thus 
decided to use an additional TMF test coupon of identical geometry and 
similar material properties for the setup procedure. Udimet 720 (Ni-base 
alloy) was chosen as the dummy test coupon material. 
For the calibration of the thermal stability, 5 N type thermocouples were 
spot-welded on the dummy test coupon. Figure 1 illustrates the positions 
Specimen Number Gauge diameter (JRC-IET) Average CINCINNATI TESTING LAB
Measurement 1 Measurement 2 Measurement 2 Gauge diameter Gauge diameter
65 5.07 5.066 5.072 5.069 5.017
66 5.048 5.046 5.052 5.049 5.006
67 5.044 5.05 5.048 5.047 5.017
68 5.032 5.04 5.038 5.037 5.024
6 
of the thermocouples based on the middle of the gauge length. The 
extensometer gauge length was 10 mm. 
The maximum allowable axial temperature gradient over the gauge at any 
given instant in time within the cycle shall be ≤ 9°C, according to ASTM 
E-2368 [1]. A  flat axial temperature gradient in gauge length increases 
the risk of specimen failure outside the extensometer gauge. For that 
reason it was decided to accept a higher axial temperature gradient over 
the gauge and a less flat temperature profile. A thermal cycle is illustrated 
in Figure 2, together with the axial temperature gradient (which in our 
case was ≤ 16°C). The temperature profile is plotted along the gauge 
length in Figure 3.  
Figure 1: Positioning of the attached thermocouples 
 Figure 2: Thermal cycle   Figure 3: Temperature profile 
Coupon 65 was tested using only TC1 following the temperature profile. 
This coupon has fractured outside the gauge length, on the position of the 
spot welded thermocouple, which is considered as an invalid test. For that 
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reason it was decided to move the position of the control thermocouple to 
-9mm, keeping the same temperature profile, while establishing a new 
relationship between TC1 and TC3, according to the graphs in Figures 4 
and 5.  
Coupons 66-68 were tested according to the new thermal relationship and 
have resulted in fracture inside the gauge length. More details on the test 
methodology are displayed in Table 3.  
 
  
        Figure 4: Thermal calibration curve 1   Figure 5: Thermal calibration curve 2 
 
 
Description of ASTM requirement 
regarding methodology 
Description of actual methodology 
followed 
8.6.1 Details describing the approach 
used for thermal strain compensation 
and verification of the accuracy of the 
approach. 
The Instron TMF software is using an 
automatic start-up procedure for TMF 
testing. 
In the first sequence a thermal strain 
compensation test is performed in force 
control mode. The average thermal strain 
of 3 cycles is calculated and used as a 
control signal for the subsequent zero 
stress test. 
The TMF test starts automatically if the 
recorded stress level is within a 
predefined level of ± 30 MPa. 
8.6.2 Details describing the approach The temperature and mechanical phase 
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used for maintaining accurate 
temperature/mechanical strain phasing 
and verification of the accuracy of the 
approach. 
shift are controlled and recorded 
automatically during execution of TMF-
test by the TMF program 
8.6.3 Details describing the approach to 
temperature control and monitoring. 
For the calibration of the thermal 
stability, 5 N type thermocouples were 
spot-welded on a dummy test coupon. 
Figure 1 illustrates the positions of the 
thermocouples based on the middle of 
the gauge length. After a stabilisation 
phase of approximately 10 temperature 
cycles, the following 3 cycles were 
recorded and averaged. 
The thermal relationship between 
thermocouple 1 and 3 were calculated 
and thermocouple 1 only was used to 
control the temperature cycle of the TMF 
test.  The thermal relationship for coupon 
65 is depicted in figure 4 and for coupons 
66 – 68 in figure 5. 
During execution of the TMF test 
thermocouple 1 is used to control the 
temperature profile and the actual 
temperature signal is recorded. 
8.6.4 Details describing the approach to 
commencement of the TMF loadings. 
The Instron TMF software is using an 
automatic start-up procedure for TMF 
testing. 
In the first sequence a thermal strain 
compensation test is performed in force 
control mode. The average thermal strain 
of 2 cycles is calculated and used as a 
control signal for the subsequent zero 
stress test. 
The TMF test starts automatically if the 
recorded stress level is within a 
predefined level of ± 30 MPa. 
8.6.5 Definition of failure. 90 % load drop 
8.6.6 Deviations from recommended test 
procedures. 
Axial temperature gradient: ± 16°C; For 
details see chapter "Test Methodology". 
Table 3: Test Methodology  
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4. Summary of Results  
The results were automatically recorded by the Instron software and 
all the primary data are published in an Open Access catalog and can 
be exported in different formats [2]. As an example, a plot of the 
force versus the number of cycles is presented in Figure 6. 
 
Figure 6: Force versus Number of Cycles 
 
Table 4 lists the TMF results, including failure position and number of 
cycles. 
 
 
Table 4 Summary of TMF results 
 
 
 
 
Specimen 
number
Mech 
Strain 
Range (%)
Max Strain 
(%)
Min Strain 
(%)
Temp. Max 
(°C)
Temp. Min 
(°C)
Waveform Cycle Time 
(s)
Specimen 
Length 
(mm)
Gauge 
Length 
(mm)
OD (mm) ID (mm) Area (mm2) Actual Life 
(cycles)
Failer 
Location 
(degrees)
Failer 
Position 
(ID/OD)
Notes
65 1 0.5 -0.5 677 316 Ttrangular 180 112 9.99 5.069 20.181 3764 150° TC reff
66 1 0.5 -0.5 677 316 Ttrangular 180 112 9.992 5.049 20.022 4047 345° in gauge
67 1 0.5 -0.5 677 316 Ttrangular 180 112 9.997 5.047 20.006 4998 285° in gauge
68 1 0.5 -0.5 677 316 Ttrangular 180 112 10.011 5.037 19.927 4109 165° in gauge
10 
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Annex 1: Verification of TMF specimen 
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Annex 2: Load train alignment 
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Annex 3: Extensometer verification 
EXTENSOMETER VERIFICATION REPORT
JRC-IET Petten, the Netherlands
Performed for: ASTM ILS-20 Date:   25 April 2016
Operator: f.j. de haan
Extensometer: Sandner Machine: INSTRON
Model: AX A10 - 0.5 Model: 8862
Serial No.: 1014 Serial No.: H2012
Tens F/s Travel: 0.5 Indicators: Console Version 8.4
Gauge Length: 10 mm
Test Type: Unidirectional Temperature: 22°C Machine Strain Channel: second channel
GAUGE LENGTH MEASURED (DIRECT): (Direct) : 1) 9.992 mm  2) 9.9835 mm
ERROR IN GAUGE LENGTH: 0.0165 mm → 0.165%
RUN 1 RUN 2 RUN 1 RUN 2 RUN 1 RUN 2 RUN 1 RUN 2
0.00000 1.00165 0.000 1.007 0.0000000 -0.0000501 0.0000 0.5000
0.10017 0.90149 0.101 0.906 -0.0000050 -0.0000501 0.5000 0.5556
0.20033 0.80132 0.202 0.804 -0.0000150 -0.0000300 0.7500 0.3750
0.30050 0.70116 0.303 0.705 -0.0000250 -0.0000351 0.8333 0.5000
0.40066 0.60099 0.403 0.602 -0.0000200 -0.0000150 0.5000 0.2500
0.50083 0.50083 0.504 0.502 -0.0000351 -0.0000100 0.7000 0.2000
0.60099 0.40066 0.604 0.401 -0.0000300 -0.0000050 0.5000 0.1250
0.70116 0.30050 0.705 0.300 -0.0000401 0.0000000 0.5714 0.0000
0.80132 0.20033 0.806 0.200 -0.0000451 0.0000050 0.5625 -0.2500
0.90149 0.10017 0.906 0.100 -0.0000451 0.0000050 0.5000 -0.5000
1.00165 0.00000 1.007 0.001 -0.0000501 -0.0000050 0.5000 0.0000
RUN 1 RUN 2 RUN 1 RUN 2 RUN 1 RUN 2 RUN 1 RUN 2
0.00000 -1.00165 0.000 -0.999 0.0000000 -0.0000300 0.0000 -0.3000
-0.10017 -0.90149 -0.100 -0.898 0.0000000 -0.0000300 0.0000 -0.3333
-0.20033 -0.80132 -0.200 -0.798 0.0000000 -0.0000300 0.0000 -0.3750
-0.30050 -0.70116 -0.300 -0.700 -0.0000050 -0.0000150 -0.1667 -0.2143
-0.40066 -0.60099 -0.400 -0.599 -0.0000100 -0.0000150 -0.2500 -0.2500
-0.50083 -0.50083 -0.499 -0.499 -0.0000150 -0.0000150 -0.3000 -0.3000
-0.60099 -0.40066 -0.599 -0.399 -0.0000150 -0.0000150 -0.2500 -0.3750
-0.70116 -0.30050 -0.700 -0.298 -0.0000100 -0.0000200 -0.1429 -0.6667
-0.80132 -0.20033 -0.799 -0.199 -0.0000250 -0.0000150 -0.3125 -0.7500
-0.90149 -0.10017 -0.898 -0.099 -0.0000300 -0.0000100 -0.3333 -1.0000
-1.00165 0.00000 -0.999 -0.001 -0.0000300 0.0000050 -0.3000 0.0000
CALIBRATION FACTOR (Converts Machine Output to Strain Value):
RESOLUTION: 0.0001 mm CLASS OF EXTNSOMETER SYSTEM: C
VERIFICATIOM METHOD: Hologage Mitutoyo Corperation
VERIICATION APPARATUS: Laser LVDT
Laser-Hologage – Model: LGH - 1010
Serial No.: 10981
Calibration Due: 11.06.2014
Calibration Certificate: 1401778.2.1
ACTUAL STRAIN EXTENSOMETER STRAIN FIXED ERROR RELATIVE ERROR
(%) (%) (mm/mm)
(%  OF ACT. 
STRAIN)
ACTUAL STRAIN EXTENSOMETER STRAIN FIXED ERROR RELATIVE ERROR
(%) (%) (mm/mm)
(%  OF ACT. 
STRAIN)
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Annex 4: Force calibration 
 
 
 
 
Results of LOAD signal calibration
(Reference: DIN 10002-3)
Machine: Instron III Tester: Frits de haan
Place: Building  325 Date: 30.04.2016
Type: Temperature:24 °C
Manufacturer: Instron
Serial – Nr.: G14192 Remarks:
Calibration range:    -50 kN  +50 kN
Preload loadcell until maximum of calibration range in tension (3times)
Nominal machine Nominal 
machine
hold time (s)
value indicated in kN value indicated 
in kNmax. cal. range 50.143 60-90 
0.00 0.175 min. 30 
max. cal. range 50.088 60-90 
0.00 0.003 min. 30 
max. cal. range 50.063 60-90 
0.00 0.002 min. 30 
tension
series3
Nominal machine Calibrator Relative Nominal machine Calibrator Relative Nominal machine Calibrator Relative
value indicated values in kN bias error value indicated values in kN bias error b'=2(X2-X1) value indicated values in kN bias error u = 2(X3-X2)
in kN (X1 ) q in % in kN (X2) q in % /(X1+X2)*100% in kN (X3) q in % /(X3+X2)*100%
0.00 0.000 0.00 0.000
5.00 4.999 -0.02% 5.00 4.999 -0.02% 0.000% 50.00 50.076 0.15% -0.010%
10.00 10.014 0.14% 10.00 10.009 0.09% -0.050% 45.00 45.123 0.27% 0.115%
15.00 15.023 0.15% 15.00 15.020 0.13% -0.020% 40.00 40.051 0.13% -0.065%
20.00 20.017 0.08% 20.00 20.025 0.12% 0.040% 35.00 35.090 0.26% 0.091%
25.00 25.039 0.16% 25.00 25.038 0.15% -0.004% 30.00 30.040 0.13% 0.010%
30.00 30.038 0.13% 30.00 30.037 0.12% -0.003% 25.00 25.040 0.16% 0.008%
35.00 35.050 0.14% 35.00 35.058 0.17% 0.023% 20.00 20.038 0.19% 0.065%
40.00 40.071 0.18% 40.00 40.077 0.19% 0.015% 15.00 15.032 0.21% 0.080%
45.00 45.054 0.12% 45.00 45.071 0.16% 0.038% 10.00 10.015 0.15% 0.060%
50.00 50.082 0.16% 50.00 50.081 0.16% -0.002% 5.00 5.005 0.10% 0.120%
0.00 0.017 0.00 0.008 0.00 0.006
fo(series1) = X1(0)/X1(max)*100% fo(series2) = X2(0)/X2(max)*100%
fo(series1) =
0.000 fo(series2) =
0.02% b'max = 0.050% umax = 0.120%
Preload loadcell until maximum of calibration range in compression (3times)
Nominal machine Nominal 
machine hold time (s)
value indicated in kN value indicated 
in kN
max. cal. range -49.942 60-90 
0.00 -0.046 min. 30 
max. cal. range -49.897 60-90 
0.00 -0.013 min. 30 
max. cal. range -49.895 60-90 
0.00 -0.014 min. 30 
compression
series3
Nominal machine Calibrator Relative Nominal machine Calibrator Relative Nominal machine Calibrator Relative
value indicated values in kN bias error value indicated values in kN bias error b'=2(X2-X1) value indicated values in kN bias error u = 2(X3-X2)
in kN (X1 ) q in % in kN (X2) q in % /(X1+X2)*100% in kN (X3) q in % /(X3+X2)*100%
0.00 0.000 0.00 0.000
-5.00 -4.982 -0.37% -5.00 -4.987 -0.27% 0.100% -50.00 -49.878 -0.24% 0.000%
-10.00 -9.969 -0.31% -10.00 -9.976 -0.24% 0.070% -45.00 -44.928 -0.16% 0.091%
-15.00 -14.957 -0.29% -15.00 -14.963 -0.25% 0.043% -40.00 -39.890 -0.28% -0.021%
-20.00 -19.943 -0.29% -20.00 -19.949 -0.25% 0.033% -35.00 -34.916 -0.24% 0.014%
-25.00 -24.933 -0.27% -25.00 -24.940 -0.24% 0.028% -30.00 -29.915 -0.28% -0.033%
-30.00 -29.919 -0.27% -30.00 -29.925 -0.25% 0.022% -25.00 -24.940 -0.24% 0.000%
-35.00 -34.910 -0.26% -35.00 -34.913 -0.25% 0.009% -20.00 -19.948 -0.26% -0.005%
-40.00 -39.893 -0.27% -40.00 -39.898 -0.25% 0.013% -15.00 -14.962 -0.26% -0.010%
-45.00 -44.879 -0.27% -45.00 -44.887 -0.25% 0.018% -10.00 -9.974 -0.26% -0.015%
-50.00 -49.875 -0.25% -50.00 -49.878 -0.24% 0.007% -5.00 -4.982 -0.36% -0.090%
0.00 -0.010 0.00 -0.006 0.00 -0.004
fo(series1) = X1(0)/X1(max)*100% fo(series2) = X2(0)/X2(max)*100%
fo(series1) =
0.000 fo(series2) =
0.01% b'max = 0.100% umax = 0.091%
Load-cell, type:  2518-100
series 1 series2
series 1 series2
lo
a
d
time
Calibration sequence (schematic)  
preloading series1 series2
L
o
a
d
time
Calibration sequence (schematic)
series1 series2
series3
series3
15 
Calibration values evaluation
Table 2:  Characteristics of the load cells (DIN 10002-3)
relative error margin of load-cell calibration force
Class
span interpolation error zero error reversal 
error
measurement 
uncertainty
b b' fc fo u %
00 0.050 0.025 +/- 0.025 +/- 0.025 0.07 +/- 0.01
0,5 0.100 0.05 +/- 0.05 +/- 0.05 0.15 +/- 0.02
1 0.200 0.1 +/- 0.10 +/- 0.10 0.3 +/- 0.05
2 0.400 0.2 +/- 0.20 +/- 0.20 0.5 +/- 0.10
Calibration results:
span zero error reversal error bias error
b' fo u q (max)
series1 series2
tension 0.050% 0.03% 0.02% 0.120% 0.17%
compression 0.100% 0.02% 0.01% 0.091% 0.37%
class 1 1 1 0.5
Calibration equipment:
Digital Measuring Unit DK38 ID.Nr: 89.00040
Load cell Type: Z3H2K ID.Nr: D42047
Calibration pass criteria
span  "b" 0.2
zero error fo +/-0.2
rev. error "u" 0.5
bias error "q" 2%
Person in charge:…………………………………………
-2.00%
-1.50%
-1.00%
-0.50%
0.00%
0.50%
1.00%
1.50%
2.00%
-60 -40 -20 0 20 40 60
B
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q
"
range (kN)
Evaluation of calibration results
Load up; series1
Load up; series2
Load up; series3
Load down; series1
Load down; series2
Load down; series3
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Annex 5: Temperature controller calibration 
Results of Themperature controller calibration
(Reference: DIN 10002-3)
Machine: Instron III Tester: Frits de haan
Place: Building  325 Date: 30.04.2016
Type: Temperature: 24 °C
Manufacturer: Eurotherm
Calibrated channel: Input Remarks:
Thermocouple: N-type
Calibration device:
Type: Calys 50
Manufacturer: AOIP
Serial - Nr.: WEM41001000
Calibration certificate: 1502429.6.1
Nominal value indicated Eurotherm 3504 Relative Nominal value indicated Eurotherm 3504 Relative
values in °C bias error values in °C bias error
in °C (X1 ) q in % in °C (X2) q in %
0.0 0.6 1300.0 1301.0
100.0 100.4 0.40% 1200.0 1200.9 0.08%
200.0 200.5 0.25% 1100.0 1100.8 0.07%
300.0 300.5 0.17% 1000.0 1000.8 0.08%
400.0 400.6 0.15% 900.0 900.7 0.08%
500.0 500.5 0.10% 800.0 800.7 0.09%
600.0 600.6 0.10% 700.0 700.7 0.10%
700.0 700.7 0.10% 600.0 600.7 0.12%
800.0 800.8 0.10% 500.0 500.6 0.12%
900.0 900.8 0.09% 400.0 400.6 0.15%
1000.0 1000.9 0.09% 300.0 300.6 0.20%
1100.0 1100.8 0.07% 200.0 200.5 0.25%
1200.0 1200.9 0.08% 100.0 100.5 0.50%
1300.0 1301.0 0.08% 0.0 0.5
Bias error q (max): 0.40% Bias error q (max): 0.50%
3504
series 1 series2
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Annex 6: Multi-Function calibrator 
 
 
 
  
 
18 
 
19 
20 
  
 
21 
Annex 7: Load-cell calibration 
 
 
 
 
  
 
22 
 
 
 
 
 
23 
  
 
24 
 
 
 
 
 
  
 
25 
 
 
 
 
 
  
 
26 
 
 
 
 
 
  
27 
Annex 8: Mitutuyo Laser Hologage calibration 
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